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SUMMARY 
Real-air hypersonic-flow parameters a re  presented i n  tabular  and graphical 
form f o r  f l i g h t  i n  the  ea r th ' s  atmosphere as a function of f l i g h t  velocity and 
f l i g h t  a l t i tude .  Thermochemical equilibrium-flow properties a re  given f o r  the  
inviscid normal shock and stagnation point, and both equilibrium and frozen-flow 
parameters, including electron concentration, a r e  l i s t e d  f o r  the far w a k e  of t he  
inviscid stagnation streamline. P l o t s  of electron co l l i s ion  frequency and elec- 
t r i c a l  conductivity i n  the  normal shock and wake plasmas a re  a l s o  inclhded. The 
tabulations are  made f o r  twelve f l i g h t  a l t i tudes,  ranging from 35,900 f ee t  t o  
322,900 f ee t  and f o r  flight ve loc i t ies  and shock-heated gas temperatures encom- 
passing those encountered i n  re turn from planetary missions. Included are  dis- 
cussions of the  appl icabi l i ty  of the  computed parameters t o  a given problem, and 
ef fec ts  due t o  the uncertaint ies  i n  the  input data  f o r  ambient air. 
INTRODUCTION 
For many problems i n  hypersonic aerodynamics, radio communications, and radar 
tracking which are  associated with missions involving f l i g h t  of bodies at high 
velocity, the  complete d is t r ibu t ion  of flow-field properties about t he  vehicle 
and i n  the  wake must be known. 
speeds greater  than approximately 6,000 f e e t  per  second (about 1,800~ K )  en t a i l s  
a regime of thermodynamics i n  which the  composition of t h e  gas i n  the  region of 
t he  body i s  not f ixed at the  ambient-air value. This so-called real-gas thermo- 
dynamic regime, due t o  compressive and viscous heating of the  gas t o  high temper- 
ature, r e su l t s  i n  much addi t ional  complexity t o  t h e  flow computation since a wide 
var ie ty  of chemical reactions can occur among the  heated species of an air  mixture 
and thus c&z1 contribute t o  the  nonideal nature of the  thermodynamics and deter- 
~ mination of t he  concentration of important species. However, a number of detai led 
and comprehensive computational programs have been reported i n  the  l i t e r a t u r e  i n  
which the  equilibrium thermodynamic properties of high-temperature air are  pre- 
c i se ly  determined and tabulated. (For example, see refs. 1 t o  5.) For the  most 
general application t o  high-temperature air problems, the  above-referenced data, 
The f l i g h t  of bodies i n  the  ea r th ' s  atmosphere at 
as well  as most of such data found i n  the  l i t e r a tu re ,  are tabulated i n  terms of 
independent values of two gas-state parameters, usually density p and 
temperature T. 
In order then t o  determine the  air-flow properties in t he  region about a 
hypersonic body, these real-gas thermodynamic data are  used, along with the  equa- 
t i ons  of motion and the  conservation equations and i t e r a t i v e  solutions are 
obtained from computer programs. Such procedures a re  complex and time consuming 
t o  program f o r  t he  complete flow about t he  body and are  applicable only t o  the  
pa r t i cu la r  body shape, velocity, and a l t i t u d e  f o r  which the  problem w a s  planned. 
However, cer ta in  portions of t he  flow f i e l d s  about hypersonic bodies a re  inde- 
pendent of the  body shape f o r  equilibrium flow and may be characterized i n  terms 
of only the  flight parameters, velocity and a l t i t ude .  
normal-shock flow, t h e  inviscid stagnation-point flow, the  inviscid normal-shock- 
flow streamline i n  the  far wake, and the  oblique-shock flow and corresponding 
far-wake streamline providing the  shock angle i s  known. "Frozen-flow" far wakes 
also f a l l  i n  t h i s  category. Tabulation of properties of such real-gas flow 
regions i s  generally useful  and desirable.  For d i r ec t  appl icabi l i ty  t o  problems 
involving f l i g h t  i n  the  ea r th ' s  atmosphere, it i s  thus desirable t h a t  such tabu- 
l a t i o n  be i n  terms of independent values of the  f l i g h t  parameters (veloci ty  and 
a l t i t ude )  ra ther  than the  gas-state parameters p and T. This approach avoids 
the  inconvenience of the  double interpolat ion required t o  apply the  density- 
temperature data t o  given a l t i t u d e  and veloci ty  conditions, since the  ear th 's  
atmosphere does involve a spec i f ic  temperature and density combination. The 
purpose of t he  present work i s  t o  present such tabulations.  
Such regions include the  
Tabulations and charts were presented i n  reference 6 f o r  the  normal-shock 
flow properties i n  terms of f l i g h t  velocity and a l t i t ude  f o r  a l imited number of 
a l t i t udes  and veloci ty  range. 
e t e r s  and gas composition f o r  many a l t i t udes  over a velocity range l imited t o  
s a t e l l i t e  velocity. Charts for normal and oblique shocks a re  given i n  refer-  
ence 8 f o r  a similar veloci ty  range. Because of the  increased emphasis on the  
higher velocity and higher a l t i t ude  f l i g h t s  of bodies i n  missions under current 
consideration ( f o r  example, t he  return at hyperbolic velocity of vehicles from 
lunar and planetary missions), t h e  work of references 6 t o  8 and others no longer 
Reference 7 presents tabulated normal-shock param- 
- _ .  has adequate range f o r  application - ~ ~ _ _  t o  many of these _. problems.1 -. " 
kubsequent t o  completion of t he  computations and f i n a l  draft of t he  t e x t  
t h a t  follows, reference 9 became available and i s  found t o  contain, i n  general, 
the  same type of material  as the  present work. Comparison of the  two reports has 
been made and the  following comments are offered: 
agree within the  accuracy l imitat ions respectively specified, consideration being 
given t o  slight differences i n  a l t i t udes  i n  many cases. As i s  the case i n  refer-  
ence 7, however, the stagnation-temperature computation i n  reference 9 i s  made by 
use of a very approximate method, which r e su l t s  i n  errors  of over 50 percent i n  
the  temperature rise ( T s  - T 2 )  but is  within the  s ta ted  accuracy of 1 percent of 
T2. 
on the  other hand, reference 9 presents equilibrium composition of the  normal 
shock gas, which i s  not given herein. 
t he  parameters common t o  both 






The present work provides tabulated hypersonic-flow properties, including 
electron concentration, i n  terms of velocity and a l t i t ude  f o r  the  aforementioned 
charac te r i s t ic  regions about a body i n  f l i g h t  i n  the  ea r th ' s  atmosphere over a 
la rge  range of f l i g h t  conditions shown i n  the  following figure.  
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The range of f l i g h t  ve loc i t ies  i s  such as t o  encompass those beginning where 
flow tabulations f o r  7 = 1.40, such as those of reference 10, cease t o  be 
applicable ( t h a t  is, about 3,500 f ee t  per  second) up t o  values corresponding t o  
reentry from planetary missions. This range i s  obtained by using thermodynamic 
input data  ( r e f .  4) over the  temperature range of 800° K through 14,000° K. The 
range of f l i g h t  a l t i t udes  selected i s  such as  t o  include t h a t  region of the 
ear th ' s  atmosphere wherein it i s  believed t h a t  s ignif icant  aerodynamic forces o r  
thermal influences of t h e  atmosphere, with respect t o  the  design requirements of 
t he  mission, w i l l  be experienced by a body i n  f l i g h t .  
t he  atmospheric property var ia t ions ( r e f .  ll), twelve a l t i t udes  ranging from 
36,000 t o  323,000 f e e t  a re  used. 
I n  view of t he  nature of 
SYMBOLS 
a velocity of sound, f t / s ec  
Ce 
- mean thermal e lectron velocity, cm/sec 
3 
D dissociat ion energy per mole 
f s ignal  frequency, per sec 

















acceleration due t o  gravi ty  
enthalpy per mole 
enthalpy per un i t  m a s s ,  H 
parameter defined i n  equation (12) 
r a t i o  of the  real-gas t o  the  ideal-gas value of t he  bracketed param- 
molecular weight per mole 
e t e r  for t he  given M1 
Mach number, a 
Lochschmidt ' s  number 
specie pa r t i c l e  concentration, per cm3 
pressure 
effect ive cross-section f o r  momentum exchange with electron, em 
coulomb ( ion)  cross-section f o r  momentum exchange with electron, em2 
2 
average effect ive neutral  cross section f o r  momentum exchange with 
electron, em2 
gas constant per  mole (universal)  
S 
; entropy per un i t  m a s s  , 
entropy per mole 
entropy at standard pressure per mole 
temperature, OK o r  OR 
f l u i d  velocity, f t / sec  
volume per mole 
4 
X x i  = 1.0 c specie mole fract ion,  
i 
Z compressibility factor ,  2 
U mole f r ac t ion  of oxygen photodissociated 
7 spec i f ic  heat r a t i o  
parameter defined i n  equation (12) 
7T, P 
7* isentropic  exponent (eq. (7 ) )  
m a s s  density, v P 
CT e l e c t r i c a l  conductivity, sec- l  (esu)  or mho/cm 
V 
Lu 
electron co l l i s ion  frequency 
angular s igna l  frequency, 2nf, radians/sec 
angular plasma frequency, 2xfp, raiiians/sec 'up 
Subscripts : 
0 standard conditions (p  = 1 atmosphere, T = i c e  point)  
1 ambient conditions 
2 behind normal shock 
a dissociated atoms 
dc d i r ec t  current ((c' = 0)  
e e lectron 
i species i n  mixture 
OA oxygen i n  standard a i r  
S stagnation behind shock 
t t o t a l  
W wake, equilibrium invisc id  flow 
f w  frozen wake, inv isc id  flow 
5 
ME;THOD OF COMPUTATION 
Normal Shock 
The computation of t h e  normal-shock flow propert ies  follows t h a t  of refer- 
ence 6 i n  which the  conservation equations f o r  mass, momentum, and energy are 
used: 
U12 - h 2 + -  u22 
2 
h t  = h l  + - -  
2 ( 3 )  
along with t h e  equation of state 
P z R T  
p m g  
- = -  
Solution of these equations r e s u l t s  i n  
(4) 
t he  following re la t ion :  
since Zo = 1.0. 
For given input values of 
ambient-air propert ies  at a given a l t i t u d e ) ,  and f o r  a given value of 
t i o n  ( 5 )  i s  i t e r a t e d  u n t i l  t h e  solut ions f o r  h2/$ To, p p , and p2/po are 
consistent a lso with t h e  thermodynamic air propert ies  a t  t h i s  temperature. The 
ambient-air propert ies  as a function of a l t i t u d e  a re  taken from reference 11 and 
are l i s t e d  i n  t a b l e  I. The thermodynamic propert ies  f o r  high-temperature air are 
taken from reference 4, and interpolat ion of these tables t o  s a t i s f y  equation ( 5 )  
i s  accomplished by l i n e a r  interpolat ion of t h e  logarithms of 
h2/$ TO at  a given temperature. 
T2, equa- 
21 0 
p2/po, p2/po, and 
6 
The f l i g h t  veloci ty  u1 i s  then found by subs t i tu t ion  in to  equations (1) 
and (2)  o r  ( 3 )  t h e  t o t a l  enthalpy kt /& - To froiu equation ( 3 ) ,  and t h e  f l i g h t  
Mach number M1 i s  found by using t h e  values f o r  a1 l i s t e d  i n  t a b l e  I and 
taken from reference 11. The veloci ty  u2 i s  not tabulated but i s  readi ly  
found from equation (1). The compressibility f ac to r  Z2 and t h e  entropy S2/$ 
are found by interpolat ion of t h e  air t ab le s  ( r e f .  4 ) .  The r a t i o s  of real-gas 
t o  ideal-gas parameters K( ) are found by using ideal-gas values from refer-  
ence 10 'for t h e  same value of f l ight Mach number M 1 .  
The veloci ty  of sound behind t h e  normal shock a2 i s  found from interpola- 
t i o n  of values f o r  l i s t e d  i n  reference 5 as a function of temperature and 
density. The computation of veloci ty  of sound i n  reference 5 i s  made by using 
t h e  following relat ions:  
a2 
The isentropic  exponent 7* i s  found i n  reference 5 by use of a spl ine f i t  
method f o r  obtaining slopes (eq. ( 7 ) )  from t h e  tabulated thermodynamic data. The 
basic  da ta  used were those of reference 4.  
t h e  exponent 7* i s  not t o  be confused with the  r a t i o  of spec i f ic  heats  y .  
These parameters become iden t i ca l  only f o r  t h e  case of a nonreacting gas, such 
as a i r  below temperatures of  about 1,800~ K. This exponent y* i s  a l so  dif-  
fe ren t  from t h e  "effective" specific-heat r a t i o  f o r  shock density r a t i o  found i n  
references 7 and 12. The.isentropic exponent f o r  a i r  may a l s o  be found from a 
p lo t  i n  reference 13. This parameter w a s  taken from interpolat ion of t h e  data  
of reference 5 .  
It i s  t o  be par t icu lar ly  .noted t h a t  
i s  computed from t h e  following relat ion:  e92 The electron concentration N 
i s  t h e  electron mole f r ac t ion  and. i s  taken from p lo t s  of X e  as a where x 
function of p/po and T. These xe data  were taken from reference 3 f o r  t h e  
temperature range 3,000° K t o  10,OOOo K, since t h e  more accepted value f o r  NO 
ionizat ion energy i s  used i n  reference 3 .  For temperatures below 3,000' K, t h e  
e72 
7 
da ta  of reference 14 were used, and f o r  temperatures above 10,OOOo K, cross 
p lo t s  of t h e  data  of references 1 and 3 were used. It should be noted t h a t  
and po 
TO 
i n  reference 3 are s l igh t ly-d i f fe ren t  from those used herein.  
Stagnation Point 
The stagnation-point pressure w a s  computed on t h e  bas i s  of an incompressible 
t o t a l  pressure f o r  t h e  normal-shock f low:  
and with a fu r the r  approximation f o r  p1 << p2: 
Equation (9a) can be expressed i n  terms of t h e  f l i g h t  parameters and shock- 
density r a t i o  i n  the  r e l a t ion  
These re la t ions  were obtained by using a l so  equations (l), (2) ,  (4), and ( 6 ) .  
Although equations (9)  and (10) a re  not precisely correct f o r  t h i s  compression 
process, they are numerically convenient, and t h e  r e su l t s  a re  at l e a s t  as accu- 
r a t e  as can be obtained by reading a Mollier air chart using 
from equation (2 ) .  
52 -, t h e  correct method, and more accurate than can be obtained i n  t h e  case of 
L o  
Newtonian impact pressure 
The stagnation-point 
t i o n  which i s  numerically 
temperature i s  again computed from an approximate re la -  
convenient and superior t o  chart reading. This re la t ion  
i s  obtained by using equation (9b) and assuming t h a t  t h e  r e l a t ion  
J =  
8 
i s  the  constant exponent f o r  t he  compression from normal shock t o  stagnation i n  
t h e  following isentropic  process: 
i 4 << 1.0 P 
E! << 1.0 
T J 
The parameters 7 and J are tabulated i n  reference 15 f o r  argon-free a i r  
and 7T,p i s  p lo t ted  herein f o r  i l l u s t r a t i o n .  
T, P 
It should be noted t h a t  equation (11) i s  obtained by using an e f fec t ive  con- 
s t an t  value of l oca l  spec i f ic  heat f o r  t h e  process I n  reference 7 t h e  com- 
putation w a s  made on the  assumption t h a t  t he  e f fec t ive  value of spec i f ic  heat f o r  
the  process w a s  the  nondimensional enthalpy ( t h a t  is, 
assumption leads t o  e r rors  i n  some cases of over 50 percent i n  the temperature 
change (Ts - T2) f o r  t he  process, since i f  only t h e  l o c a l  spec i f ic  heat i s  con- 
J-’. 
H/RT). However, t h i s  
f o r  t he  case of r e a l  air .  
Equilibrium W a k e  
Tabulations are  included a l so  f o r  conditions i n  t h e  far wake of a body f o r  
t h e  case of t he  normal-shock streamline i sen t ropica l ly  expanded t o  ambient pres- 
sure, i n  thermochemical equilibrium and without viscosi ty .  
pw and temperature Tw were found by p lo t t ing  the  thermodynamic air  data  of 
reference 4 i n  t he  form p/po as a function of 
Values of t he  density 
and reading p po and w/ 
Tw at values of t he  ambient pressure p.,/po and t h e  normal-shock entropy .*/&. 
f o r  t h e  
e , w  
e,w which i s  t h e  entropy appropriate t o  t h i s  expansion. The values of x 
wake were found from the  p lo t s  of xe as a function of p/po, by reading x 
at values of pw/po and Tw ( the  wake conditions).  Values of N 





and T To. w l  
Frozen Wake 
Computation of an inv isc id  frozen-wake temperature Tfw and electron con- 
centrat ion Ne, ftT w a s  obtained by the  following approximate method: The gas 
composition w a s  assumed t o  be frozen at  the  normal-shock equilibrium value and 
9 
w a s  then expanded i sen t ropica l ly  from normal-shock pressure 
wake ambient pressure 
reacting gas mixture (which is, of course, far from an equilibrium composition i n  
t h e  w a k e )  i n  which the  in t e rna l  energies of t h e  species a re  assumed t o  be i n  
equilibrium with the  temperature. 
p2/po t o  t h e  far- 
pl/po by using an ef fec t ive  spec i f ic  heat f o r  t h e  non- 
The ef fec t ive  spec i f ic  heat f o r  t h e  process w a s  taken as an average between 
t h e  i n i t i a l  (shock) and i t e r a t e d  f i n a l  (wake) values, these temperature-dependent 
values being computed without regard t o  reaction energies (s ince they do not take 
pa r t  i n  t h e  process) but with the  in t e rna l  energies assumed i n  equilibrium 
(coupled) with t h e  t r ans l a t iona l  temperature. The electron concentration N e Y f w  
w a s  then found from equation ( 8 ) ,  by use of  t h e  wake temperature Tfw, pressure 
xe, 2, since t h e  composition and the  normal-shock electron mole f rac t ion  Pl/PO? 
w a s  frozen at t h i s  value. 
RESULTS 
The computations were carr ied out according t o  t h e  methods previously pre- 
sented f o r  a range of a l t i t udes  from 35,900 t o  322,900 geopotential  f e e t .  
a l t i t udes  were selected and include the  s i x  a l t i t udes  at t he  boundaries of the  
three  isothermal layess of t h e  e a r t h ' s  homosphere. The ambient propert ies  as a 
function of a l t i t ude  were taken from reference 11, except f o r  enthalpy and entropy 
which were taken from reference 16 f o r  pressure a l t i t udes  up t o  294,800 f ee t ,  and 
f o r  enthalpy, entropy, and sound veloci ty  at 322,900 f e e t  which were computed by 
t h e  methods given Fn t h e  appendix. These ambient propert ies  are  l i s t e d  i n  t ab le  I 
and are  plot ted i n  f igures  1 t o  4. Figure 5 i s  presented t o  show the  comparison 
of ambient propert ies  from reference 11 (1959 ARDC model atmosphere) with the  
2revious model atmosphere (ref e 17) , and with a proposed revision t o  t he  model. 
(See t a b l e  I1 and re fs .  18 and 19.) A l i s t  of constants f o r  use with t h e  tables 
i s  given i n  t ab le  111. 
Twelve 
The r e su l t s  of t he  hypersonic-flow-property computations are  given i n  
t ab le  IV, where the  parameters at each selected a l t i t u d e  a re  tabulated a t  33 tem- 
peratures f o r  t h e  range from 800° K t o  14,000° K. 
including those f o r  normal-shock, stagnation point, and wake conditions f o r  equi- 
l ibrium and frozen inviscid flow. The parameters tabulated include, i n  addition 
t o  the  thermal propert ies  and sound and flow ve loc i t ies ,  t he  electron concentra- 
t i ons  f o r  equilibrium and frozen f l o w s .  These l a t t e r  parameters a re  useful i n  
plasma computations such as those used f o r  t h e  radio-transmission problem. Some 
of t he  more widely used thermodynamic pa rme te r s  f rom t ab le  I V  a r e  p lo t ted  i n  
f igures  6 t o  15 as a function of both veloci ty  and a l t i t ude .  The electron con- 
centrat ion f o r  t h e  three  regions tabulated i s  p lo t t ed  i n  f igure  16 as a function 
of veloci ty  and a l t i tude ,  with values of plasma frequency fp  also shown. For 
convenience i n  rapidly estimating the  plasma frequencies encountered during var- 
ious reentry t r a j ec to r i e s ,  t h e  da ta  from f igure  16 are cross-plotted i n  f ig-  
ure  17 on a veloci ty-al t i tude p lo t  showing l i n e s  of constant plasma frequency. 
The parameter taken from reference 15 i s  p lo t ted  i n  f igure  18 as a function 
Table I V  l i s t s  33 parameters 
7 T,p 
10 
of T and s - f o r  use i n  estimating isentropic flow changes i n  the real-gas 
equilibrium shock-heated flow regions. The thei-niodynamic a i r  data  used f o r  these 
computations included d a t a  from reference 1.6 f o r  t h e  tempemture range 800° K 
through 1,200' K and from references 1, 3, 4, 5 ,  14, a,nd 15, f o r  the higher tem- 
peratures, as discussed previously. 
K O  
Rel iab i l i ty  of Results 
Computatior&. accuracy.- For a given s e t  of input values, t he  accuracy of 
t h e  parameters coiriputed 'and tabulated i n  t ab le  N w i l l  be i n  the  range of 0.1 
t o  0.2 percent, generally. 
than t h i s  accuracy, since the  uncertainty i n  t h e  ambient-air-property input data  
does not warrant additional precision. 
The i t e r a t i o n  of equation ( 3 )  w a s  not carried fu r the r  
Applicability 0-f r e su l t s . -  All t he  input data  used i n  the computations, f o r  
both the ambient air and the high-temperature air, i s  with argon included and i s  
therefore consistent and comparable w i t h  the  data i n  the  general l i t e r a t u r e  f o r  
a i r .  The change i n  t he  value of t he  parameters tabulated herein f o r  air from 
the values i n  reference 6 on the basis  of aigon-free a i r  i s  approx3matel.y 0.2 t o  
0.4 percent f o r  t h e  same model atmosphere. 
It can be seen i n  f igures  6(a)  and 7(a) t h a t  f o r  temperatures of 1,600~ K 
and below (ve loc i t i e s  of about 6,000 f t / s e c  and below) the a i r  compos-ltion does 
not change i n  the  shock-compression process. Consequently, ideal-gas re la t ions 
( t h a t  is, re la t ions f o r  a thermally perfect but ctalorica.lly imperfect gas) can 
be used i n  t h i s  range. (See r e f .  10.) For temperatures above t h i s  range, t he  
so-called real-gas e f f ec t s  become signif icant ,  and change of a i r  composition 
must be taken in to  account. For temperatures below 800° K (ve loc i t i e s  below 
about 3,500 f t / s e c )  it can be seen from t a b l e  I V  or from figures 8(a)  and lO(a), 
and also from f igure I+ of reference 13 y* as a function of h/& TO) t h a t  
ideal-gas re la t ions w i t h  constant specific-heat r a t i o  of 1 . 4 0  may be used 
( r e f .  10) with only a few percent (<3 percent) e r ro r  i n  t h e  r e su l t s .  
( 
The r e su l t s  i n  t a b l e  I V  a r e  presented i n  terms of t h e  normal-shock proper- 
ties; however, t he  r e s u l t s  may be applied a l s o  t o  oblique-shock conditions i f  
t h e  shock angle o r  t h e  normal component of t h e  flow i s  specified. 
f o r  procedure; a l so  see r e f s .  7, 8, 12, and 20.) 
(See ref. 6 
Since t h e  computations have been made f o r  only t h e  l imit ing nonequilibrium 
conditions - t h a t  is, i n f i n i t e  reaction r a t e s  (equilibrium) o r  zero recombination 
r a t e s  (frozen) - t he  parameters w i l l  not be applicable t o  f i n i t e - r a t e  nonequi- 
librium problems. I n  many cases, however, these l imit ing-rate  parameters serve 
t o  bracket t he  actual  f in i te - ra te  problem and thereby provide a means f o r  rapid 
estimation of t h e  magnitude of t h e  e f f ec t s  of nonequilibrium. A t  f l i g h t  a l t i -  
tudes below about 100,000 f e e t  (depending also on body scale) t h e  flow w i l l  
generally be close t o  thermochemical equilibrium around typica l  bodies, and 
therefore the  tabulated da ta  should generally apply f o r  these a l t i t udes .  For 
f l i g h t  at higher a l t i t u d e s  (up to ,  say, 200,000 f e e t )  t h e  cha rac t e r i s t i c  reaction 
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lengths  f o r  t h e  stagnation streamline of blunt bodies a re  about equal t o  the  
shock standoff distance, so  t h a t  f o r  t h i s  streamline t h e  equilibrium computa- 
t i ons  should apply near t h e  stagnation point.  For other streamlines (oblique 
shock streamlines), however, nei ther  equilibrium nor frozen-flow computations 
apply, and thus f i n i t e - r a t e  nonequilibrium computations are needed i n  t h i s  alti- 
tude range. It i s  a l so  a good approximation, i n  t h e  case of t h e  stagnation 
streamline, t o  assume a frozen-flow composition (no recombination) i n  t h e  expan- 
s ion of t h i s  flow about t h e  body and in to  t h e  wake f o r  these a l t i tudes ;  and thus 
t h e  frozen-wake computations should have at l e a s t  qua l i ta t ive  appl icat ion i n  t h i s  
range. For s t i l l  higher a l t i tudes ,  nonequilibrium reactions may extend through- 
out t he  flow f ie ld ,  including t h e  stagnation point,  and require employment of 
f i n i t e - r a t e  chemical k ine t ics .  
For t h e  a l t i t u d e  range encompassed by t h e  present tabulations,  t h e  shock- 
layer  flow around typ ica l  bodies i s  considered t o  be i n  t h e  continuum flow regime 
of f l u i d  mechanics ( t o  a l e s s e r  extent dependent on the  veloci ty  range) so  t h a t  
t he  computations of t he  tabulated parameters a re  va l id  i n  t h i s  regard. It must 
be remembered, however, t h a t  f o r  a l t i t udes  of t h e  order of 25O,OOO f e e t  and 
higher (depending a l so  on sca le )  t he  viscous e f f ec t s  i n  the  shock layer  become 
very la rge  - t h a t  is, boundary-layer thickness i s  of  t he  same order as the  shock- 
layer  thickness. 
aspect of t h e  flow, tabulat ions of inviscid flow propert ies  a re  not applicable 
i n  t h i s  range other than t o  serve as guidelines t o  more comprehensive 
computations. 
For t h i s  reason, as well  as because of t h e  nonequilibrium 
Effects  of Ambient-Air-Property Uncertainties 
Knowledge of t h e  ambient propert ies  of t h e  ea r th ' s  atmosphere i s  being con- 
s t a n t l y  revised, supplemented, and extended as a r e su l t  of improved measurement 
techniques and conceptual changes. While these revisions are  of a grea te r  magni- 
tude i n  t h a t  pa r t  of t he  atmosphere above t h e  homosphere (above 295,000 feet) ,  
t h e  changes have been s igni f icant  a t  a l t i t udes  even as l o w  as the  troposphere 
(65,000 f e e t ) .  The ambient-air propert ies  used i n  t h e  present work were taken 
from reference 11 (1959 model), which had replaced reference 17 (1956 model) as 
a model atmosphere, and these propert ies  have already been superseded t o  a cer- 
t a i n  extent.  
There have been many other  proposed atmospheric models. It i s  well, then, t o  
consider t h e  magnitude of these changes, t h e  e f f ec t s  of such changes on t h e  
hypersonic flow parameters presented, and the  other  uncertaint ies  involved i n  
application of t he  r e su l t s  t o  a pa r t i cu la r  s i tua t ion .  
(See refs. 18 and 19, t ab le  11, and f i g .  5 f o r  latest revis ion.)  
Ambient temperature.- The m a x i m u m  change i n  ambient temperature i n  t h e  
homosphere from the  1956 t o  the  1939 model atmosphere i s  i n  the  mesopause and 
i s  about 30° K. (See f i g .  5 . )  The revision i s  within l 5 O  K of t he  1959 model. 
R 
m0 
The l a t t e r  f igure  amounts t o  a change i n  the  ambient enthalpy of about 0.2 - TO, 
which i n  comparison with t h e  k ine t i c  energy term i n  equation ( 3 )  f o r  t yp ica l  
ve loc i t ies  i s  generally only a s m a l l  f r ac t ion  of a percent. This small change 
indicates  t h a t  f o r  a given f l i g h t  velocity, t he  error  i n  normal-shock tempera- 
t u r e  w i l l  be very s m a l l  due t o  t h i s  ambient temperature change. The e r ro r  i s  
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a lso  s m a l l  f o r  most of t he  other  parameters including t h e  K( ) parameters, 
with the  exception of those involving r a t i o s  of temperatures o r  those d i r ec t ly  
dependent upon T l ,  f o r  example, T2/T1 and M1. In  these parameters 
t h e  e r rors  could be much higher, t h a t  is, as much as 9 percent f o r  the  15' K 
case, so t h a t  correction t o  these parameters would be necessary, but can be 
generally avoided by employment of t h e  parameters of l e s s e r  dependency. For 
example, t he  pressure r a t i o  p2/p1 
dependent on an ambient temperature change; however, at a given f l i g h t  Mach num- 
be r  there  i s  l i t t l e  or no dependency. 
p2/p1 due t o  a change i n  T1, therefore,  the  value of M1 
changed (ai a TL112) and t h e  new p2/p1 found from t h e  tables as based on t h e  
at a given fl ight veloci ty  i s  a l so  strongly 
I n  order t o  account f o r  t h e  change i n  
i s  correspondingly 
corrected MI a p lo t  of M1 as a function of p 
t h e  
hiah 
Ambient pressure.- Changes i n  ambient pressure from t h e  1956 (ref. 17) t o  
1959 ( r e f .  11) model a re  found at a l t i t udes  above 200,000 f e e t  and at t h e  
- . e s t  a l t i t udes  tabulated herein are of the  order of 50 percent of t h e  1956 
values. The physical r e s u l t  
of t he  lower ambient pressure on t h e  shock-heated flow propert ies  i s  t h a t  addi- 
t i o n a l  dissociat ion occurs at t he  lower pressure l e v e l  and t h i s  r e su l t s  i n  lower 
temperatures f o r  a given f ' l ight veloci ty .  
s ign i f icant  below f l igh t  ve loc i t ies  of about 30,000 f e e t  per  second, but w i l l  
r e su l t  i n  temperatures t h a t  are as much as two percent lower f o r  higher f l igh t  
ve loc i t i e s  at t h e  high a l t i t udes  where t h e  pressure changes a re  large.  This can 
be seen from equation ( 3 )  along with the  high-temperature air propert ies  t ab le s  
( r e f .  4 )  where t h e  t o t a l  enthalpy at constant u1  i s  unchanged due t o  p1 
(The revision l i e s  much closer  t o  the  1959 model.) 
The e f f ec t  of t h i s  change i s  not 
changes but t h e  lower pressure leve ls  r e s u l t  i n  l a rge r  Z ' s  and lower T ' s  i n  
t h e  high-temperature regions. Most of t he  other parameters a re  influenced t o  a 
somewhat l e s s e r  degree by t h e  change, although will be changed by about 
t h e  same amount. Note, however, t h a t  t h e  pressure changes from the  1959 model 
( r e f .  11) t o  t he  latest  revision ( r e f .  18) are  much smaller than those discussed 
here, so tha t  t h e  parameters as tabulated herein w i l l  be within 1 percent i n  
a l l  cases, and generally b e t t e r  than t h i s .  
p2/p1 
Ambient composition.- While t h e  composition of t h e  homosphere i s  constant, 
t he  var ia t ion  of composition above t h i s  point (295,000 f e e t )  does not seem t o  be 
firmly established. Photodissociation of the  ambient 02 due t o  U.V. absorp- 
t i o n  occurs i n  t h e  thermosphere, and while t h e  r a t i o  of O/N atoms ( t h a t  is, con- 
servat ion of t o t a l  atoms i n  a reaction process) i s  believed t o  remain about con- 
s t an t  i n  the  region between 290,000 and 400,000 f e e t  due t o  diffusion and mixing, 
t he  molecular weight i s  d i f fe ren t  from standard a i r  and var ies  with t h e  amount 
photodissociated. Figure 5 shows t h a t  a la rge  change of ml occurred from the  
1956 to' t h e  1959 model. The l a t e r  revis ion ( r e f .  19) l i e s  somewhere i n  between 
these models i n  t h i s  region. Computation of t h e  e f f ec t s  of composition on 
ambient enthalpy, entropy, and sound veloci ty  i s  discussed i n  the  appendix. 
A t  t h e  highest  a l t i t u d e  tabulated herein (323,000 f e e t )  a l i t t l e  over 1 per- 
cent of t h e  ambient oxygen i s  photodissociated according t o  t h e  1959 model atmos- 
phere (see appendix). T h i s  produces an increase i n  t h e  ambient enthalpy of about 
R 0.5 - T O  mo 
which i s  stored i n  t h e  atmosphere r e s u l t s  i n  increased stagnation enthalpy f o r  a 
given f l i g h t  velocity and thus increases t h e  temperatures i n  t h e  shock-heated 
gas. For t he  case of 1-percent photodissociated ambient oxygen, t he  increase i s  
o n l y  about 0.1 percent of t y p i c a l  stagnation enthalpies, but could be much higher 
i f  compositions a re  found t o  be more grea t ly  photodissociated. 
over t h a t  f o r  a case of no photodissociation. This chemicd energy 
It should be pointed out t h a t  since t h e  O/N atom r a t i o  i s  assumed t h e  same 
as normill air i n  t h i s  a l t i t u d e  region, one can continue t o  use t h e  tabulated high- 
temperature a i r  properties, such as reference 4, since these a r e  based on t h i s  
sane r a t i o ,  It is  necessary t o  revise  only t h e  ambient-air properties of enthalpy, 
entropy, e t  cetera  (as a r e s u l t  of t h i s  photodissociation), which a re  inputs t o  
t h e  flow coiuputations. (See t a b l e  I . )  
Other factors . -  A number of other f ac to r s  which may a f f ec t  t he  r e l i a b i l i t y  of 
t h e  tabulated parameters as a r e s u l t  of uncertaint ies  i n  the  ambient-air input 
properties should be considered. For example, high-alt i tude winds a re  known t o  
ex i s t  i n  t he  atmosphere and a re  not specif iable  f o r  a par t icu lar  time o r  loca- 
t i on .  Reported wind ve loc i t ies  do not indicate, however, t h a t  s ignif icant  e f f ec t s  
on t h e  tabulated flow parameters a re  t o  be expected. Other uncertaint ies  t h a t  
ex i s t  i n  t h e  ambient-air properties are a t t r i bu tab le  t o  seasonal, geographical, 
temporal, and diurnal  var ia t ions from the effect ive average values used i n  the 
standard. These f ac to r s  can i n  many cases introduce deviations from the standayd 
which a r e  l a rge r  than the  differences between atmospheric models. 
Omission of Collision Frequency and Conductivity From t h e  Tables 
I n  addition t o  t h e  electrori coiicentra.tion, t h e  electron co l l i s ion  frequency 
and t h e  e l e c t r i c a l  conductivity of a p l a s m  - o r  i n  t h e  case of reentry flow 
fields,  of a lossy d i e l e c t r i c  medium - a re  of i n t e r e s t  i n  t he  radio comini- 
cations problem and t o  magnetoplasmadynamics work. These parameters were not 
included i n  t h e  compiltations of t he  t ab le s  because of t h e  large uncertainty i n  
t h e  co l l i s ion  cross section f o r  momentum t r a n s f e r  i n  electron-atom encounters 
i n  air species. There i s  a resul t ing uncertainty by a f a c t o r  of roughly 3 i n  
these parameters i n  t h e  temperature range where t h e  atom f rac t ion  i s  appreciable 
and t h e  ion f rac t ion  not ye t  s ignif icant .  There is, i n  f ac t ,  an uncertainty i n  
t h e  electron-molecule interact ion data  for a i r  i n  t h e  lower temperature range. 
For general u t i l i t y ,  however, p l o t s  of co l l i s ion  frequency and e l e c t r i c a l  con- 
duct ivi ty  a re  presented. 
which yields  r e su l t s  within a f a c t o r  of 2 of those using more refined methods, 
but use of t h i s  model i s  j u s t i f i a b l e  i n  view of t h e  uncertainty (of t h e  same 
magnitude) i n  t h e  interact ion data. 
These values are based on a simplified plasma model 
By use of t h e  general r e l a t ion  f o r  co l l i s ion  frequency 
P 
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t h e  following approximations a re  made. 
encounters with all t h e  neut ra l  species are lumped in to  one e f fec t ive  average 
value &n. 
sidered applicable up t o  
neglected. 
at the  gas temperature. 
and by subs t i tu t ion  f o r  ce 
The co l l i s ion  cross sections f o r  e lectron 
The ions i n  t h e  mixture are assumed t o  be s ingly ionized only (con- 
T = 15,000° K) ,  and electron-electron encounters are  
The electrons are assumed t o  have a Maxwellian veloci ty  d is t r ibu t ion  
Equation (14) i s  then wr i t ten  i n  terms of mole f rac t ion  - 
and t h e  various physical constants y ie lds  
v = 4.56 x 1027 Ee% + (1 - 2xe)qd ,l/e 
which i s  herein evaluated by usiilg 
7 x square centimeters, and computing Qc ( the  coulomb, o r  ion, cross sec- 
t i o n )  from t h e  impact parameter and t h e  Debye shielding dis taace i n  a manner t o  
account a l s o  f o r  close encounters s i m i l a r  t o  t h a t  used i n  reference 21. The 
r e s u l t s  are p lo t ted  i n  f igure  19 f o r  t he  th ree  flow regimes; and i n  f igure  17 
Qn as a constant having a value 
l i n e s  of constant = - are p lo t ted  by using these resu l t s .  It i s  seen 
9 2flf-P - 
from equation (15) t h a t  f o r  very s m a l l  values of xe (xe << - &n a UT2), equa- 
QC 
t i o n  (15) reduces t o  
I 
- 
when Qn i s  equal t o  7 X square centimeters. This re la t ion  i s  useful  i n  
the  lower temperature range ( o r  i n  t h e  l o w  xe-range) where the  long-range (coulomb) 
forces  are ins igni f icant .  
Based on these co l l i s ion  frequency values, t h e  e l e c t r i c a l  conductivity has 
been computed and i s  p lo t ted  i n  figure 20 f o r  expediency i n  plasma work. 
computation i s  made from t h e  low-frequency conductivity re la t ion,  
This 
which i s  then qual i f ied f o r t h e  case of w = 0 = 2gf 
p lo t t ing .  
t i o n  (17) then becomes, f o r  t h e  direct-current case plot ted:  
(d-c) f o r  convenience 
If t h e  conversion constant from sec- l  (esu)  t o  mho/cm i s  used, equa- 
crdc = 2.81 x lom4 Ne mho/cm 7 
(17) 
i n  
The alternating-current conductivity i s  then readi ly  obtained by using t h e  
values from t h e  p lo t s  and applying t h e  following re la t ion  derived from adc 
equation (17) : 
0 9 )  
CONCLUDING REMARKS 
Real-air hypersonic-flow parameters are  presented i n  tabular  and graphical 
form f o r  f l i g h t  i n  t h e  ea r th ' s  atmosphere as a function of f l i g h t  veloci ty  and 
f l i g h t  a l t i t ude .  Thermochemical equilibrium flow propert ies  are given f o r  t he  
inviscid normal shock and stagnation point, and both equilibrium and frozen-flow 
parameters, including electron concentration, a r e  l i s t e d  f o r  t h e  far  wake of t he  
inv isc id  stagnation streamline. The tabulat ions a re  made f o r  twelve f l i g h t  alti- 
tudes ranging from 35,900 f e e t  t o  322,900 feet and f o r  f l i g h t  ve loc i t ies  and 
shock-heated gas temperatures encompassing those encountered i n  re turn from 
planetary missions. Included are discussions of t h e  appl icabi l i ty  of t h e  computed 
parameters t o  a given problem, and ef fec ts  due t o  the  uncertaint ies  i n  t h e  input 
data  f o r  ambient air. 
Langley Research Center, 
National Aeronautics and Space Administration, 
Langley Station, Hampton, Va., November 9, 1962. 
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APPENDIX 
AMBIENT PROPERTIES I N  LOWER TEIERMOSPHERE 
Enthalpy 
For the  case where normal air has been photodissociated (as i n  t h e  lower 
!I 
I: 
ii thermosphere, ref. 22) t h e  r e l a t ion  'i 
i 
mo 
m l  
z1 = - = 1 + axOA 
represents t h e  molecular w e i g h t  r a t i o  (compressibil i ty f ac to r )  i n  terms of t h e  
f r ac t ion  of oxygen dissociated a. The term i s  the  f rac t ion  of t h e  a i r  
molecules dissociated where xOA = 0.20946 from t a b l e  111. It i s  immediately 
shown from equation ( A l )  and t a b l e  I t h a t  a t  322,900 f e e t  a l t i tude ,  a i s  0.0115 
for Z1 = 1.0024. The mole f r ac t ion  of dissociated atoms i n  t h e  mixture ( f o r  t h i s  
case, oxygen atoms only) i s  given by 
and t h e  balance of t he  species i n  the nixture  (1 - X a )  consis ts  mainly of 02 and 
N2 molecules. The enthalpy of an i dea l  dissociated gas mixture may be wri t ten 
and t h a t  par t  of t h e  term due t o  t h e  dissociated atoms i n  t h e  mixture i s  
where t h e  las t  term i n  equation (Ab) i s  t h e  chemical pa r t  of t h e  enthalpy. 





where - = 217 (5.11 ev) f o r  t he  oxygen dissociat ion energy. (See ref. 22.) 
It i s  seen from equation (A?) t h a t  f o r  a = 0.0115 t h e  chemical energy stored i n  
R t h e  atmosphere due t o  photodissociation at 322,900 f e e t  i s  about 0.52 -To, 
mg 
based on the  1959 model atmosphere. 
w a s  determined and tabulated i n  t ab le  I, by using equation (A3) ,  and t he  idea l  
gas species data from reference 16. 
The enthalpy of t he  ambient dissociated a i r  
Entropy 
The entropy f o r  an idea l  dissociated gas mixture may be expressed as 
r I 
where 
P (g)i = po 
and So/R i s  the species entropy at standard pressure. Combining and expanding 
the  above relat ions and noting t h a t  xi = 1.0 yields:  c 
i - 1 
Using t h i s  re la t ion  and t h e  idea l  gas species properties from reference 16, t he  
entropy f o r  ambient dissociated a i r  at 322,900 f e e t  a l t i t ude  w a s  computed and 
tabulated i n  t ab le  I. It should be mentioned t h a t  f o r  t h i s  case of u = 0.0115, 
t he  entropy i s  almost ident ica l ly  the same as und.issociated air  at t h i s  pressure 
and temperature, 
Velocity of Sound 
The velocity of sound above the homosphere is  not tabulated i n  reference 11 
but may be found from the  scale  height, which i s  tabulated therein, i f  the  isen- 
t rop ic  exponent 7* i s  known. TBe scale  heigbt i s  expressible as (see re f .  11) 
R TZ Scale he i@t  I- -
m o g  
where the  product TZ is  the  molecular scale  temperature. Combining equa- 
t i o n  (Ag) with equation (6) r e su l t s  i n  the  re la t ion  
a2 = 7*g x Scale height (mol 
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where g i s  t h e  acceleration due t o  gravi ty  at t he  specified a l t i tude .  The 
value of 7" f o r  a dissociated mixture i s  found from equation ( 7 ) ,  but f o r  t h i s  
case of photodissociated ambient air  no computations o r  tabulat ions are f o w d  i n  
t h e  l i t e r a t u r e .  However, an exponent may be assumed on the  bas i s  t h a t  t h e  s m a l l  
pressure perturbation process f o r  t h i s  gas would behave thermally as i n  a non- 
reacting gas mixture of t h i s  ambient composition ( t h a t  is, photodissociation con- 
sidered nonthermal). I n  e f fec t  t h i s  i s  an assumption of frozen-flow composition, 
and a value of specific-heat r a t i o  7 i s  computed as f o r  an idea l  nonreacting 
gas mixture. 
For t h e  case of a = O.Oll5 at an a l t i t u d e  of 322,900 f e e t  t h e  value f o r  
7* 
t h i s  value, 
i s  very close t o  t h a t  of normal air, being computed t o  be 1.404. By use of 
a1 i s  computed from equation (AlO) and l i s t e d  i n  t ab le  I. 
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TABU 1.- VARIATION OF AMBIENT-AIR PROPERTIES WITH ALTITUDE 
Altitude, ft 
Geopotential Geometric 
T13 T1J a1, 
P1PO PlPO OR ft/sec 
I 
0 0 ; 288i 519 1,117 1.000 ' 0.9478 
35 3 900 1 36,000 '217 390' 9681 .2250 
82 , 200 82,500 217 390 968 .249xio-l ,3071~10-1 
.2832 




3.68 i 23.77 
2.77 124.28 
2 25 .k3 
2.77 26.49 
1 




' .924'1.000 ~ I 100 , 000 100 , 500 ,233 420 I 1 , 005 . . l C % ~ O - l '  . 1250X10-1' 2.98 27.57
120,300 121,000 1252'453' 1,043' .4462~10-~' .4841-~10-~~3.22;28.69' .sO'l.OOO ' 
154,800 156,000 ,283 509' 1,106 : .1161~10-2. .1122~10-~; 3.61'30.45 '1.017'1.000 
173,300 , 175,000 ;283'509' 1,106 ' .5826~10,-~j .!3630~10-~' 3.61 p.17 ~1.017'1.000 
31.731 .951 1.000 
32.48 ' .867-~1~000 , 
33.40 .779 1.000 
35.60 .779 1.000 
37.87' .856 1.0024: 
, - I  
TABU 11.- R E V I S I O N S  TO STANDARD A T M O S P m  
. .  



























15 _ _  
ACCORDING TO .lWFERENCE 18 
p 1 p 0  
. .  
- . 000 
. 224 
.716 x 10-l 
.243 x loe1 
,107 x 10-1 
.434 x 10-2 
.io7 x 10-2 
.518 x 10-3 
,180 x 10-3 
.461 x loA 
.983 x 10-5 
.125 x 10-5 
. .  

































TABLE 111.- USEFUL CONSTANTS 
a. = 1087.4 ft/sec, 331.45 m/sec 
go = 32.174 ft/sec2, 980.67 cm/sec2 
m = 28.966 per mole 
no = 2.686 x 1019 per cm3 (Lochschmidt's number) 
0 
po = 2116.2 lb/ft 2 , 1.0133 x 10 6 dynes/cm 2 , 1.0133 x 10 3 mb 
R = 49,722 ft-lb/slug-mole 0 R, 1.9873 cal/mole 0 K 
R = 1716.56 ft-lb/slug OR 
mO 
-To R = 844,014 ft-lb/slug, 33.86 Btu/lb 
mO 
0 To = 491.69 OR, 273.16 K 
p = 0.002508 slug/ft3, 1.2931 x gm/cm 3 
0 
1,000 ft = 0.3048 km, 0.1646 nautical mile 





Ne 0 * 00003 
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TABLE IV.- N O W  SHOCK PAxM(ETERS 

























































































. 9 9 8  
. 9 4 2  


































































1, a 5  
1,250 
1,242 
1, T l  
1, 3l8 
1,350 




































































































































































































- log p2 02 
Po Po  
1.298 0.1133 
1.518 ,1812 






2.049 . m 6  
























































1 0 . 9  
11.98 
12.96 
3.79 18.43 ,6941 
3.27 20.28 ,6496 
2.98 21.20 ,6311 
2.82 22.12 .6148 
2.69 23.04 .6015 
2.40 25.35 ,5773 
2.19 27.65 ,5596 
2.04 29.95 ,5414 
1.91 32.26 ,5168 
1.78 9.55 ,4869 
3.49 19.35 .6706 
1.59 j6.87 ,4539 
1.43 39.17 ,4199 
1.30 41.47 , 9 1 4  
1.135 43.78 ,3584 
1.00 46.08 .3335 
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9 . 0 9  9.812 









































TABLE IV.- n o m  SKDCK PAR~METWS - continued 
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1.01c 
1.017 
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63.74 
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per cmJ 
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TABLE I V . -  NO- S f i m  P&lWAS - Continued 
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TABLE IV.- NORMAL. SHOCK PARAMETERS - C o n t i n u e d  
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- . a 7 9  - .e824 
- .8660 
-.e395 - .8@ 
- ,7816 
- ,7595 - ,7426 
-.7%0 
- ,7350 
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_ _ _  ..  
____.. . .. 




1 . 4 ~ 1 0 - 9  




1 . a 1 0 - 6  






















_ _  - _ _  -. 
- _ _  _ _  .. 
6.W1O2 
3 .9~107 
2. j U 0 6  
4. 2X108 
3 . 3 ~ 1 0 9  
1.8x101' 
6 . 7 ~ 1 0 "  
2 .4~10 '  
7.2X1& 
2.0%101: 
4 .3  









1 . 9  
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9 .0  
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2 . ~ ~ 1 0 9  
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6 .1  
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46.56 j 33. 
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59.46 , 34. 
67.82 , 34. 










































2 .3  
5.4 
l . a l O l 3  
3.8 
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3,624 1:931 ------ 2 10' 
'+,OX 2:231 
4,439 2:391 ------ 2 441 
































TABLE Fi.- NORMAL SHOCK PARAMETERS - Continued 
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TABLE IV.- N O W  SHOCK P W l W S  - Continwd 
( f )  For geopotential alrituda O f  154,800 ftj TI = 283 %; el = 1,1& ft/aec; p, = 0.1161 x 1 C r 2  atm 
7.2 
l.W 




















































4 . 9 2  
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4.923 
5 . 9 5  
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6 5 . 3  
9 3 
f t  fsec 
5.508X103 
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~ 6 7 1  
1.139 
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4.6 
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2. 6x101 
4 . 9 1 0 ~  
7.(rX105 
6 . 6 ~ 1 0 ~  
4.1x107 
2.OX108 
6.  5x1Q8 
2 .0~109  








4 .7  
1.1XlOl2 
2 . 3  
4.4 
8.7 
1 . 8 X l O l )  
3.6 
6 . 8  
1 . 9  
3.1 
6 . 8  
1. a1014  





































































j . 4  
i.rXl03 





1 . 6  
2.1 
3.2 
4 .9  
1 .4X106 
j . 4 x d 0  
8.1x108 
1 . l X l O l l  
2.1 
2.2 
2 . b  
2.7 
1 .5~10-9  
2.9 
4 .3  
5 .9  
9.1 












1 . 8 0  






2 .5  
6.0 
1. 4 x d 4  
2.9 
5.7 
i . a i 0 ' 5  
2 . 3  
4 .4 
7 .6  
1 . a1016  
2 .0  
4.4 
8.2 
1 .4~1017  
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T2 q 1 KP2) 
2.827 0 . 5 9 2  
4.240 ,5471 
5.654 .9168 













































































_ _ _ _ _  








































Li . 7X1010 
3.2 
6.6 












































8 . 3  
1.4~101~ 
-.  . . . . . 
- -. - _ _ _  - 




































































































_ _ _ _ _  
___-. 












































































































































































































































































L . 0 0 9  
t.017 
L .024 





















































































































































































































P W  
PO 
-
__._ _ _ _ _  
__.______ 
____..-._ 
_____... - _ _ _  - ..--_ 
























. ..._ - - _ _  
. . . . -___. 



























































































































































































































































































Ne,  2' 





























































































































I . 2  
).2 
3.4 
. . ~ 0 1 4  
t .%I& 




















































'.3 . 75x10-4 
'.3 
.o 

















TABLE IV.- N O M  SAOCK P " E R S  - Continued 
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1.8xlo-1: 
1. m o d  
3.0 
6.0 



















































I .  947 
2.918 











































































































































































. . _.__.._ 3.90: 
5.851 
. . .._ .___ 7.80: 
9.74; 
_____.... 10.72 
.-- - _ _ _ _ _  11.70 












. - - _ _ _  ._ 
































































































































































































. . .. . . _ _  


















































































































































































TABLE yY.- NOKMAL SAOCi' PARDN3D.Y - Cantinu-i 
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T.- N.- N O W  SEOCK PA%WETERS - Cnntinued 
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6 . 3 ~ 1 0 - ~ ~  
1.[x10-10 




5 .2~10-7  
1 . 4 ~ 1 0 - ~  
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7.1 



















. . -. _._ 
1 . 8 X l O l  
5 . ~ ~ 1 0 5  
3. 5x1O4 
5. 6x1O6 






















8 . 6 ~ 1 0 - ~  
1 . 2 ~ 1 0 3  
1 . 3 ~ 1 0 5  
7. ~ 1 0 5  
2.7x106 
6 . 6 ~ 1 0 6  
1 . 7 ~ 1 0 7  
3.8 
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5 . 4 ~ 1 0 - ~  
6.?xlOl 
2 . 8 X 1 0 *  












4 .9  
7 .7  
1 . 2 ~ 1 0 9  
1 . 9  
3.1 
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l . l x lOl2  
2 . 1  
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TABLE lT.- NOI(MAL SHOCK P-S - Concluded 
( 1 )  For geopotential altitude of 322,900 ft; T1 = 199' K; al = 930 ft/sec; p = 2.119 x 10-7 atm 
Ts, 
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Figure 2.- Variation of ambient pressure with a l t i t u d e .  
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Figure 4.- Variation of ambient entropy and enthalpy with a l t i t ude .  





















Proposed revis ion 
(a) Temperature. (b) Molecular weight. 
Geopotential altitude, ft  Geopotential altitude, f t  
( c )  Density. (a) Pressure. 
Figure 5.- Comparison of ambient air properties for the 1959 ARDC model atmosphere with the 1956 ARDC 
model atmosphere. 
( a )  
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u,, ft lsec 
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(a)  Subsatel l i te  veloci ty  range. 
Figure 6.- Variation of normal-shock temperature with veloci ty  and a l t i tude .  
(b) Supersatell i te velocity range. 
Figure 6. - Concluded. 
f 
(a) Subsatellite velocity range. 
Figure 7.- Variation of normal-shock compressibility factor with velocity and altitude 
-.- 
Geupolential altitude, ft  
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( b )  Supersatell i te velocity range. 
Figure 7.- Concluded. 
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( a )  Subsa te l l i t e  ve loc i ty  range. 
Figure 8.- Variation of normal-shock real-to-ideal pressure r a t i o  with ve loc i ty  and a l t i t ude .  
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Figure 8. - Concluded.. 
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Figure 9.- Variation of normalized normal-shock pressure with velocity and a l t i t ude .  
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( b )  Mesospheric a l t i t u d e  range. 
Figure 9.-  Concluded. 
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( a )  Subsa te l l i t e  ve loc i ty  range. 
Figure 10.- Variation of normal-shock real-to-ideal density r a t i o  with velocity and a l t i t u d e  
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(b) Supersatell i te velocity range. 
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(b) Supersatellite velocity range. 
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( a )  Stratospheric a l t i tud-e  range. 
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(b)  Mesospheric a l t i t ude  range. 
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(a) Subsa te l l i t e  veloci ty  range. 
Figure 13.- Variation of normalized normal-shock veloci ty  of sound with velocity and a l t i tude .  




u ,  , ftlsec 
(b) Supersatellite velocity range. 
Figure 13.- Concluded. 
( a )  Subsa te l l i t e  ve loc i ty  range. 
Figure 14.- Variation of normal-shock entropy with velocity and a l t i t ude .  
I l l  1 I --I-. I I I 
(b) Supersatell i te velocity range. 
Figure 14.- Concluded. 
, '  , (b) 
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to3 
(a) Subsa te l l i t e  velocity range. 
Figure 15.- Variation of normal-shock entropy increase with ve loc i ty  and a l t i tude .  
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( a )  Equilibrium normal-shock f l o w .  
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(b) Equilibrium far-wake flow. 
Figure 16. - Continued. 
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( c )  Frozen far -wake  flow. 
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(a) Equilibrium normal-shock flow. 
Figure 17.- Variation of plasma frequency with veloci ty  and a l t i tude .  
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(b) Equilibrium far-wake flow. 
Figure 17.- Continued. 
( c )  Frozen far-wake flow. 
Figure 17.- Concluded. 
Figure 18.- Variation of t he  parameter 7T,p with temperature and entropy f o r  argon-free air. (Data 
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( a )  Equilibrium normal-shock flow. 
Figure 19.- Variation of electron co l l i s ion  frequency with velocity and a l t i tude .  
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(b) Equilibrium far-wake flow. 
Figure 19.- Continued. 
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( a )  Equilibrium normal-shock f l o w .  
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(b) Equilibrium far-wake flow. 
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( c )  Frozen far-wake flow. 
Figure 20.- Concluded. 
“The aeronazrtical and space activities of the United States shall be 
conducted so as i o  contribute . . . t o  the expansion of human knowl- 
edge of phenomena in the atmosphere and space. T h e  Administratioi2 
shall provide f o r  the  widest practicable atid appropriate dissemination 
of information concernizg its actiuities and the reszdts thereof.” 
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